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111Cd+ atomic structure
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Broadband photoionization of neutral Cd
• 80 MHz pulsed laser capable of loading 100% of atoms
• Cd vapor pressure at room temperature: 10-11 torr

VERY CLEAN (little risk of elecrode shorting) 
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Michigan Ion Trap Projects

• Local entanglement through the 
Coulomb interaction (phonons)

• Advanced trap structures

• Entanglement though atomic 
spontaneous emission (photons)

• Ultrafast laser-ion interactions
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Entanglement of “Clock state” qubits
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• The Molmer/Sorensen gate  
• Uses B-insensitive HF “clock” qubits

Density Matrix Reconstruction of Entangled State

• Composite single-bit rotations from µwaves & focused 
Stark-shift beam
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• Simultaneous near-perfect detection of HF qubits with CCD
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Entanglement Fidelity ~ 80-90%

limited by spont. em. and
fluctuating Stark shifts
(NEED MORE LASER POWER!)



Implementation of Grover’s Search Algorithm
on N=2 ions (4-element database)

“oracle”
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Single query of quantum database

single query of 4-element 
classical database:

〈〈〈〈Prob〉〉〉〉 ≤≤≤≤ 0.50
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Michigan Ion Trap Projects

• Local entanglement through the 
Coulomb interaction (phonons)

• Advanced trap structures

• Entanglement though atomic 
spontaneous emission (photons)

• Ultrafast laser-ion interactions



1 mm

49-electrode
10-zone
“Tee” junction
D. Stick
W. Hensinger
D. Hucul



400 µm
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D. Stick, W. Hensinger, S. Olmschenk, M. Madsen (Michigan)
K. Schwab (Laboratory for Physical Sciences)

GaAs Ion Trap



60 µm

4 µm



60 µmsingle
Cd+ ion

VRF = 8V @ 16 MHz  (Q~50)

VSTATIC = +1V (endcaps), −−−−0.33V (middles)

Trap frequencies: 1.0 MHz, 3.3 MHz and 4.3 MHz

Trap depth: 0.08 eV

Power ~ VRF
2Ω2 ~ VRF

3

~ 1mW 

D. Stick
POSTER T05

Next: 10 µm cantilever gap
(Thanks: Greg Peake, Matt Blain,… Sandia)



Heating history in 0.6-6.0 MHz traps
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“double needle” trap

• 15 µm diameter W tips
• adjustable separation
• cooling to 150K



L. Deslauriers

W.K. Hensinger

D. Stick

d ~ 25−250 µm

Cd+ ion
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Measurements of Heating vs. Trap Size at 2 MHz

electrodes cooled 
from 300K to 150K





Universal Chip-trap vacuum chamber J. Sterk
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UHV high temperature chip socket



Surface Trap Guinea Pig
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Michigan Ion Trap Projects

• Local entanglement through the 
Coulomb interaction (phonons)

• Advanced trap structures

• Entanglement though atomic 
spontaneous emission (photons)

• Ultrafast laser-ion interactions
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•Strong coupling (deterministic cavity-QED)

p = η dΩ ~ 10-3

•Free space (probabilistic p<<1)

optical fiber
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ions trapped

ions

Interfacing Trapped Ions 
and Photons
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F’=2

F’=1
γ ∼ 2π(50 MHz) ∼ 108/sec

Spontaneous (probabalistic) entanglement
between a single atom and single photon

π

σ−σ+

Spontaneous (probabalistic) entanglement
between a single atom and single photon
Polarization Qubit



π (∆m=0)

σ± (∆m=±1)

quant
axis

Given photon is emitted along quantization-axis:

|ψ〉 = |↓〉|σ+〉 + |↑〉|σ−〉 (postselected)

|↑〉|↓〉

σ−σ+

Pent = η dΩ ~ 10-3

Rate = Pent R ~ 1 kHz



Networking distant ions

Here There

|Ψ〉 = (|↓〉1|V〉1 + |↑〉1|Η〉1)⊗(|↓〉2|V〉2 + |↑〉2|Η〉2)

1 2

D

D

coincidence 
photon
detection

upon coincidence photon detection

|Ψ|Ψ|Ψ|Ψ〉〉〉〉 ⇒⇒⇒⇒ ||||↓〉↓〉↓〉↓〉1111||||↑〉↑〉↑〉↑〉2222 −−−− ||||↑〉↑〉↑〉↑〉2222||||↓〉↓〉↓〉↓〉2222

insensitive to interferometric phase noise
insensitive to ion motion

C. Simon and W. Irvine, 

PRL 91, 110405 (2003)

L.-M. Duan, et. al., 

Quant. Inf. Comp. 4, 165 (2004)



Free space experiments

PMT

PMT

Trap 1

Trap 2

Camera

1 meter
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time delay τ (nsec)
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Continuous-wave excitation of a pair of ions
in the same trap

time delay τ (nsec)
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Michigan Ion Trap Projects

• Local entanglement through the 
Coulomb interaction (phonons)

• Advanced trap structures

• Entanglement though atomic 
spontaneous emission (photons)

• Ultrafast laser-ion interactions



Mode-locked ps 

Ti:Sapphire Laser

80 MHz, ~2 ps

LBO BBO Pulse Picker
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2 psec pulsed laser
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select only 
π−polarization

1,11,0 = ↓1,-1

0,0 = ↑

2S1/2

2P1/2

γ ∼ 2π(50 MHz) ∼ 108/sec

Fast pulse

Given photon is emitted 
into polarizer

|ψ〉 = |↓〉|blue〉 + |↑〉|red〉

(postselected)

Spontaneous (probabalistic) entanglement
between a single atom and single photon
Frequency Qubit



Frequency qubit decoherence
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S→P

psec pulses

Frequency qubit coherence returned
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